Introduction {#s0005}
============

Alzheimer´s disease (AD) is an age-dependent neurodegenerative disorder characterized by progressive loss of cognitive functions, damage of the cholinergic system, inflammatory processes, beta-amyloid deposition, tau-pathology, and vascular dysfunction. Besides, the causes for AD are unknown. Recent findings indicate that cerebrovascular dysfunction ([@bb0200]) and enhanced cholesterol may play a role in the pathology of AD ([@bb0225; @bb0345; @bb0350; @bb0410]). This is supported by studies in vitro and in vivo, that demonstrate a possible beneficial protecting effect of statins, inhibitors of the cholesterol synthesis, against AD ([@bb0220; @bb0455]). Indeed, statins lowered serum beta-amyloid levels in humans with elevated cholesterol levels ([@bb0080; @bb0155]) although other studies were conflicting ([@bb0220; @bb0205; @bb0395]). The exact mechanism of high blood cholesterol in AD brains is not known, because cholesterol is not able to pass the blood-brain barrier (BBB) ([@bb0060; @bb0320; @bb0515]). It is assumed that cholesterol is involved in the processing of amyloid-precursor protein (APP) within lipid rafts, which might result in enhanced processing to beta-amyloid(1--42) ([@bb0125; @bb0410]). In fact, in vitro and in vivo studies have shown that hypercholesterolemia results in enhanced levels of beta-amyloid ([@bb0165; @bb0235; @bb0330; @bb0360; @bb0490]). In addition, tau pathology has recently been associated with membrane cholesterol and beta-amyloid-induced neurotoxicity ([@bb0310]). Furthermore, in AD brains chronic inflammatory responses including microglial activation have been detected ([@bb0010; @bb0130; @bb0250; @bb0365]). The role of cholesterol in inflammation is not clear, however oxygenated derivates of cholesterol, oxysterols, upregulate the expression of various inflammatory cytokines and chemokines ([@bb0230; @bb0370; @bb0120; @bb0340; @bb0295; @bb0460; @bb0475; @bb0415]).

The effect of hypercholesterolemia in vivo has been studied with different animal species. [@bb0420] reported for the first time that hypercholesterolemia affects beta-amyloid in rabbits and displayed some neuropathological changes similar to those seen in AD ([@bb0165; @bb0330; @bb0400; @bb0425; @bb0520]). In recent years, hypercholesterolemic studies were performed using transgenic AD mouse models (e.g. Apolipoprotein E, low density lipoprotein receptor knockout mice and transgenic mice expressing familial AD mutant human APP), which exhibited cognitive dysfunction, increased APP processing and beta-amyloid accumulation, as well as an inflammatory response ([@bb0235; @bb0355; @bb0360; @bb0450]). Recently, [@bb0170] demonstrated that hypercholesterolemia in rats increase the number of working memory errors, but identified no changes in the level of beta-amyloid and nerve growth factor (NGF).

The aim of our present study was to explore if hypercholesterolemia in rats affects the cholinergic system and displays further AD-like pathologies, such as beta-amyloid dysfunction, cognitive impairments and inflammation. Our data reveal that a cholesterol-enriched diet resulted in cholinergic dysfunction in rats and lead to enhanced levels of cortical beta-amyloid, tau, different inflammatory markers, resulted in microbleedings in the brain and markedly reduced spatial memory in the 8-arm radial maze.

Results {#s0010}
=======

Hypercholesterolemia increases plasma cholesterol and weight gain {#s0015}
-----------------------------------------------------------------

Plasma cholesterol levels, measured by HPLC and UV detection, were significantly increased in hypercholesterolemic animals (1.48 ± 0.15 mg/ml, *n* = 5), compared to control rats (0.69 ± 0.08 mg/ml, *n* = 9) after 5 months of treatment ([Fig. 1](#f0005){ref-type="fig"}A). The weight of cholesterol-treated rats significantly increased after 2 months compared to control animals ([Fig. 1](#f0005){ref-type="fig"}B).

Hypercholesterolemia affects spatial memory {#s0020}
-------------------------------------------

In order to assess spatial memory, the rats were tested in an 8-arm radial maze after 4 months. Cholesterol-treated rats showed an impaired spatial learning performance at session 5 ([Fig. 1](#f0005){ref-type="fig"}D). In addition, long-term memory (retention) was markedly reduced ([Fig. 1](#f0005){ref-type="fig"}D). In order to exclude a decreased mobility of the cholesterol-treated animals, the time to find all baits, the number of total visits and the time spent in the visited arm (latency) were examined, but no differences between control and hypercholesterolemic rats were found ([Fig. 1](#f0005){ref-type="fig"}C).

Hypercholesterolemia decreases cholinergic activity in the nBM {#s0025}
--------------------------------------------------------------

Cholinergic neurons were immunohistochemically stained for choline acetyltransferase (ChAT) ([Figs. 2](#f0010){ref-type="fig"}A, C, and D) and ChAT-positive neurons were analyzed in the nBM between Bregma −0.8 mm and −3.1 mm (B). Hypercholesterolemic animals ([Fig. 2](#f0010){ref-type="fig"}D) exhibited a decreased number of ChAT-positive neurons in the nBM ([Figs. 2](#f0010){ref-type="fig"}B and E) compared to control rats ([Figs. 2](#f0010){ref-type="fig"}A and C). Acetylcholine levels in the cortex were significantly reduced in rats treated with cholesterol-enriched diet compared to controls ([Fig. 2](#f0010){ref-type="fig"}F).

Hypercholesterolemia affects APP and beta-amyloid {#s0030}
-------------------------------------------------

Western Blot analysis clearly demonstrated a single band of APP standard at approximately 90 kDa, as well as a single band of beta-amyloid standard at approximately 4 kDa ([Fig. 3](#f0015){ref-type="fig"}A). Beta-amyloid was not detectable in the cortex of control or cholesterol-fed rats by Western Blot analysis ([Fig. 3](#f0015){ref-type="fig"}A). APP was clearly seen in cortex of controls and cholesterol treated rats ([Fig. 3](#f0015){ref-type="fig"}A). Densitometric analysis (correlated to actin, [Fig. 3](#f0015){ref-type="fig"}B) displayed significantly enhanced concentrations of APP protein in cholesterol-fed animals compared to controls ([Fig. 3](#f0015){ref-type="fig"}B). Beta-amyloid(1--42) levels as measured by ELISA were significantly enhanced in the cortex of hypercholesterolemic rats ([Table 1](#t0005){ref-type="table"}). Immunohistochemical staining against beta-amyloid in the cortex of cholesterol-fed rats ([Fig. 3](#f0015){ref-type="fig"}D) and controls ([Fig. 3](#f0015){ref-type="fig"}C) displayed an apparent increased beta-amyloid-like immunoractivity in hypercholesterolemic rats.

Hypercholesterolemia increases several cortical proteins {#s0035}
--------------------------------------------------------

The levels of tau and phospho-tau 181 were significantly enhanced in hypercholesterolemic rats compared to controls as analyzed by ELISA ([Table 1](#t0005){ref-type="table"}). NGF in the cortex was slightly, but not significantly increased in hypercholesterolemic animals ([Table 1](#t0005){ref-type="table"}). A large number of inflammation markers were measured in the cortex by Multiplex SearchLight^®^ ELISA and significantly increased levels of different cytokines (GM-CSF, IL-1α, IL-6, IL-10, TNFα), chemokines (MCP-1, MIP-1α, MIP-2, MIP-3α), matrix metalloproteinase-2 (MMP-2) and of the growth factor PDGF-BB were observed in hypercholesterolemic rats ([Table 2](#t0010){ref-type="table"}). Only the chemokine RANTES did not change in control and cholesterol-treated animals ([Table 2](#t0010){ref-type="table"}).

Effects on cortical microglia, vascular structures and IgG {#s0040}
----------------------------------------------------------

Microglia in cortex were immunohistochemically stained for CD11b in controls ([Fig. 4](#f0020){ref-type="fig"}A) and hypercholesterolemic rats ([Fig. 4](#f0020){ref-type="fig"}B). Quantitative analysis showed that the number of CD11b-positive spots was significantly enhanced in cholesterol-fed rats compared to control animals ([Fig. 4](#f0020){ref-type="fig"}C). Vascular structures in the cortex were immunohistochemically stained by RECA-1. Quantitative measurement of RECA-1-positive crossings per grid in the cortex showed no alterations in the vascular density between control and cholesterol-fed rats (data not shown). Microbleedings were identified by immunohistochemical analysis against anti-rat IgG in control ([Fig. 4](#f0020){ref-type="fig"}D) and hypercholesterolemic rats ([Figs. 4](#f0020){ref-type="fig"}E and F). Quantitative analysis displayed an enhanced number of anti-rat IgG-positive spots in the cortex of cholesterol-treated animals compared to controls ([Fig. 4](#f0020){ref-type="fig"}G).

Discussion {#s0045}
==========

In the present study we show for the first time that hypercholesterolemia decreased the number of cholinergic neurons in the nBM and the cortical acetylcholine level, which might result in a dysfunction of the cholinergic system. Furthermore, cholesterol-enriched diet reduced spatial learning and the ability to store long-term memory in an 8-am radial maze, enhanced the inflammation process, elevated cortical beta-amyloid, tau and phospho-tau 181 and increased microbleedings in the cortex.

Cholesterol has been demonstrated to affect the APP processing and linked to the pathology of AD ([@bb0350; @bb0410; @bb0405]). Various animal studies have been shown that hypercholesterolemia displays some characteristics of AD in vivo ([@bb0170; @bb0360]). The current study was performed in male rats to exclude hormonal influences, because cholesterol homeostasis of females is mediated by the hypolipodemic properties of estrogens ([@bb0105]). Our present study revealed that a cholesterol-enriched diet enhanced plasma cholesterol concentration. However, it is not clear how plasma cholesterol is able to affect brain functions, since cholesterol does not pass the BBB. However, oxysterols, oxygenated derivates of cholesterol are able to pass lipophilic membranes ([@bb0040; @bb0035]). In fact, increased brain levels of 27-hydroxycholesterol have been measured in AD patients ([@bb0045]). Although, not proven enhanced blood cholesterol may be metabolized to its oxysterols, which can easier enter the brain.

The 8-arm radial maze is well established to test learning and memory in a controlled environment ([@bb0210]). Our study revealed severe spatial learning and long-term memory deficits in hypercholesterolemic rats. Spatial memory was tested in a partially baited 8-arm radial maze. Three weeks after a 5-day acquisition period, rats were again tested to assess long-term memory performance (retention). Hypercholesterolemic rats were significantly heavier in weight and to exclude decreased mobility, we monitored various parameters and found no differences in motivation and mobility between control and hypercholesterolemic rats. We conclude that a cholesterol-enriched diet results in spatial memory impairment, which is in line with previous studies ([@bb0015; @bb0240; @bb0150]). Indeed, rats fed with higher amount of dietary fat showed widespread cognitive deficits on various tasks of learning and memory such as, Olton\'s radial arm maze, a non-spatial test of conditional associative learning, the Hebb--Williams complex maze series, and a variable-interval delayed alternation test that highlighted deficits in rule-learning and specific memory function ([@bb0180; @bb0290; @bb0510]). The mechanisms of effects of dietary fat on cognitive function are not completely understood, however, it seems possible that high fat diet may cause glucose intolerance and/or insulin resistance in rat brains ([@bb0430; @bb0180; @bb0290; @bb0510; @bb0175]).

AD is characterized by a substantial loss of cholinergic innervation in the cerebral cortex and a significant reduction of cholinergic basal forebrain neurons can be observed ([@bb0280; @bb0305; @bb0480]). As a result, the concentrations of acetylcholine and ChAT are markedly reduced in the cortex of AD patients ([@bb0070; @bb0100]). The clinically outcome of AD is represented by progressive memory impairment and cognitive dysfunctions ([@bb0265]). Accordingly, it has been shown that the basal forebrain cholinergic complex is closely associated with learning and memory ([@bb0270; @bb0500]) and systemic disturbances lead to mnemonic impairment or loss ([@bb0275; @bb0325]). Cholinergic neurons in the nBM have been demonstrated as the most sensitive neurons to age-related neurofibrillary degeneration ([@bb0375]) and might be associated with cognitive impairments in aging and AD ([@bb0495]). Our present data demonstrate that a cholesterol-enriched diet decreased the number of ChAT-positive neurons in the nBM resulting in a reduction of acetylcholine in the cortex. We suggest that hypercholesterolemia leads to a disrupted cholinergic system in the basal forebrain, which may contribute to the spatial memory impairment. Cholesterol may interact with the membrane environment of cholinergic receptors (muscarinic as well as nicotinic) and may thus modulate their activity ([@bb0055]). It is also very likely that there are functional relationships between cholinergic receptors and lipid rafts-specialized plasmalemmal structures enriched in cholesterol ([@bb0135]). Indeed, high cholesterol levels reduce the activity of plasmalemmal receptors, such as certain monoaminergic receptors, e.g. beta-adrenergic receptors ([@bb0020]), which can modulate the cholinergic neurons.

Nerve growth factor (NGF) is the most prominent molecule to protect cholinergic neurons against neurodegeneration ([@bb0385; @bb0505]). In AD brains, a loss of NGF and its receptor TrkA was identified in the basal forebrain, whereas the concentration of NGF in target regions is increased ([@bb0380]). This alteration is caused by an impaired retrograde transport, accumulation of NGF in target regions of cholinergic neurons and a loss of NGF in the basal forebrain ([@bb0245; @bb0380; @bb0385]). Moreover, various studies exhibited that administration of exogenous NGF can rescue memory deficits ([@bb0095; @bb0110]). In the present study, we discovered a slight but not significant increase of NGF in the cortex of cholesterol-treated animals. Thus, we suggest that a damaged cholinergic system in hypercholesterolemia enhances NGF in the cortex.

It is well established that inflammation is seen in AD brains and in hypercholesterolemic animal models ([@bb0355; @bb0450; @bb0520]). Our data demonstrate that a cholesterol-enriched diet induced an elevated immunohistochemical-positive staining for the microglial marker CD11b. It has been shown, that activated microglia produce and secrete various cytokines and chemokines, e.g. IL-1, MCP-1, MIP-1α, or TNFα ([@bb0010; @bb0250; @bb0365]). The cytokine IL-1 has been linked to APP regulation and it may promote beta-amyloid production ([@bb0010; @bb0130]) possibly by affecting the acetylcholinesterase expression ([@bb0010]) or by activation of neurodegeneration ([@bb0010; @bb0440]). In agreement with previous in vivo studies, we found an activation of microglial immunoreactivity ([@bb0170; @bb0355; @bb0450; @bb0520]) and elevations of different inflammation markers ([@bb0355; @bb0450]). The mechanism of microglial activation and the role of cholesterol in the process of inflammation is not fully known. Different studies revealed that oxygenated derivates of cholesterol (24-hydroxycholesterol, 25-hydroxycholesterol or 27-hydroxycholesterol) are involved in the upregulation of a number of inflammatory markers especially 24-hydroxycholesterol ([@bb0230; @bb0370; @bb0120; @bb0340; @bb0295; @bb0460; @bb0475; @bb0415; @bb0215]). We have recently shown that oxysterol treatment differentially regulate cholinergic nBM neurons in organotypic brain slices ([@bb0470]). Thus, in our hypercholesterolemic rat model, we observed strong activation of several inflammation markers, which are implicated in pathophysiological alterations similar to AD and could be mediated by different cholesterol oxysterols.

Beta-amyloid depositions and neurofibrillary tangles are distinctive hallmarks of AD. A disturbed cholesterol homeostasis within lipid rafts might influence APP processing, which result in increased beta-aymloid(1--42) production and deposition ([@bb0160; @bb0410]). Whereas, little is known about the function of cholesterol in the formation of neurofibrillary tangles. Our data reveal that hypercholesterolemia enhanced APP and beta-amyloid(1--42) levels, as well as tau and phospho-tau 181 levels in the cortex. This was also confirmed by descriptive immunohistochemical analysis showing enhanced beta-amyloid-like immunoreactivity in the cortex of cholesterol-fed rats. For quantitative determination of tau and phospho-tau 181 we used a human specific ELISA assay, which has not been tested for rats. However, due to high homology between human and rat tau, we think that rat tau can be detected. Our findings are in line with previous studies showing elevated concentrations of beta-amyloid(1--42) ([@bb0400; @bb0330; @bb0165; @bb0360]) and an enhanced level of hyperphosphorylated tau ([@bb0165]) after cholesterol-enriched diet. Various studies exhibited that 27-hydroxycholesterol supported beta-amyloid aggregation in the brain ([@bb0400; @bb0335]). In addition, APP can be upregulated due to NGF accumulation in the cortex of AD patients ([@bb0380]). [@bb0165] suggested that increased beta-amyloid trigger phosphorylation of tau by activation of extracellular signal-regulated protein kinase (ERK) and [@bb0310] described an association between membrane cholesterol and beta-amyloid-induced tau toxicity in AD. Thus, we suggest that a cholesterol-enriched diet affected the cleavage of APP, which results in the production of beta-amyloid(1--42) and that hypercholesterolemia upregulates tau and phospho-tau 181 in the cortex. However, we could not observe beta-amyloid plaque deposition and neurofibrillary tangles in hypercholesterolemic rats. This findings may either need longer times of cholesterol diet or the combination with other parameters, e.g. low pH, apolipoprotein E or metals ([@bb0255]).

It is well established that vascular risk factors and neurovascular dysfunction play integral roles in the pathogenesis of AD ([@bb0025; @bb0115; @bb0200; @bb0435]). Furthermore, AD is often associated with cerebral hypoperfusion, which may lead to cortical microinfarcts and microbleedings ([@bb0445; @bb0285]). It has been shown that hypercholesterolemia affects the BBB integrity and leads to increase in IgG extravasation in cholesterol-fed rabbits ([@bb0090; @bb0425]). Nevertheless, recent studies have shown that normal rat brains contain low IgG, but the levels dramatically increase after head injury ([@bb0005; @bb0185]). In agreement, we exhibited an increased anti-rat IgG-positive immunoreactivity in the cortex of cholesterol-treated animals compared to controls indicating microbleedings and microinfarcts. In contrast, RECA-1-positive immunohistochemistry, a well-known marker for capillaries ([@bb0300]) demonstrated no changes in the vascular structure of controls and hypercholesterolemic rats. However, the immunohistochemical staining against rat IgG or RECA-1 does not demonstrate changes to small molecules of the vascular system. Consequently, further studies are necessary to evaluate microchanges and the integrity of the BBB. Furthermore, it might be possible that elevated MMP-2 levels in our cholesterol-treated rats contribute to the disruption of the basal lamina and tight junctions of the BBB ([@bb0085]). Finally, a dysfunctional transport across the BBB may also affect efflux of metabolic waste or influx of energy substrates. An example of diminished transport could be insulin, which has an important role in CNS physiology like modulation of glucose utilization in specific brain regions or modulation of synaptic levels of neurotransmitters ([@bb0030; @bb0190]). Thus, a decreased insulin transport might diminish many beneficial effects of insulin in the brain. Taken together we suggest that a hypercholesterolemic diet induces small microbleedings in the cortex associated with microglial activation and dysfunctional metabolic changes of the BBB similar to AD pathology.

Taken together, our results suggest that hypercholesterolemia causes a dysfunction of the cholinergic system, cognitive deficits, inflammation, beta-amyloid and tau-pathology and microbleedings. Thus, hypercholesterolemic rats resemble some AD-like pathologies and demonstrate for the first time an impaired cholinergic system due to high cholesterol diet.

Experimental methods {#s0050}
====================

Controls and hypercholesterolemia {#s0055}
---------------------------------

Male Sprague Dawley rats (aged 6 months) were housed at the Animal Department of the Medical University Innsbruck and had free access to food and water with a 12/12 h light--dark circle. Animals were fed with a special diet for 5 months and randomly assigned to the following groups: group 1: controls, normal diet (*n* = 10) and group 2: hypercholesterolemia, diet supplemented with 5% cholesterol (*n* = 10). The diet contains the following ingredients: 450 g/kg cornstarch, 140 g/kg casein, 155 g/kg maltodextrin, 100 g/kg sucrose, 40 g/kg soybean oil, 50 g/kg fiber, 35 g/kg mineral mix, 1.8 g/kg L-cystine, 1.4 g/kg choline chloride, 0.008 g/kg butylhydroxytoluol, 10 g/kg vitamin mix (without folic acid), 1 g/kg chocolate aroma, 0.002 g/kg folic acid and additional 50 g/kg cholesterol in the cholesterol-treated group (Ssniff special diet GmbH; Soest Germany). The animals were weighed every month during the experiment. All animal experiments were approved by the Austrian Ministry of Science.

Spatial memory testing in the 8-arm radial maze {#s0060}
-----------------------------------------------

Four months after start of the experiment spatial memory was assessed using the 8-arm radial maze (PanLab, Spain). The maze consists of eight identical open dark plexiglas arms with side panels and sunk-in-food cups at the end radiating from a circular platform. To facilitate spatial navigation small high contrast visual cues (triangle, vertical bars, X and square) were placed above the doors of four arms and in a higher magnification on the corresponding walls. Before memory testing, all animals were food deprivated (2 g food pellets/animal/day) and habituated to the maze and the experimental set-up. The spatial memory testing consisted of five sessions with five trials per day. Four arms were baited with food pellets (chocolate) and the trials ended when all baits were found or after 10 min. To exclude any olfactory effects additional baits were placed under the food cups of all arms. After 3 weeks the animals were again tested (retention) for one session with five trials. The whole experiment was automatically controlled and monitored by a computer with Mazesoft Software (Version 8.1.9).

Collection of blood and brains {#s0065}
------------------------------

One day after retention, animals were anesthetized by subcutaneous injection of sodium thiopental (Sandoz; 12.5 mg/ml). Brains (*n* = 5) for brain extracts were removed, the parietal cortex dissected and immediately frozen in CO~2~ snow and the rest of the brain was frozen on a cork in the CO~2~ snow. From the same animals 1--2 ml blood was collected from the heart, immediately centrifuged by 2300 × *g* and the plasma frozen at −80 °C. For immunohistochemistry, rats (*n* = 5) were perfused with 4% paraformaldehyde (PFA) in PBS, the brains removed and postfixed for 30 min in 4% PFA and stored in 20% sucrose/sodium azide. Brains were then frozen in a CO~2~ stream and sectioned with a cryostat (Leica Jung CM3000) into 60 μm sections (immunohistochemistry).

Measurement of cholesterol in plasma {#s0070}
------------------------------------

Cholesterol was analyzed by HPLC and UV detection as described by [@bb0485]. Briefly, 50 μl of plasma or standards (0--5 mg/ml cholesterol in 70% ethanol) were mixed with 1 ml of alcoholic potassium hydroxide and incubated for 30 min at 75 °C. After cooling to room temperature, 1 ml of de-ionized water and 2 ml of n-hexane were added to the tubes. The tubes were agitated for 15 min and centrifuged for 5 min at 200 × *g*. One ml of the n-hexane (upper) layer was transferred into a glass tube and evaporated at 75 °C. Residues were dissolved in 500 μl mobile phase (44% acetonitrile, 54% isopropanol, 2% a.d.) and 100 μl were injected onto the column (RP C18 100 × 3 mm, Beckman) 0.6 ml/min. Cholesterol was monitored at 205 nm with an UV-detector (Beckman detector 166). Sample values were calculated from the standard curve in a linear range.

Measurement of acetylcholine in the cortex {#s0075}
------------------------------------------

Acetylcholine (Ach) levels were analyzed by HPLC and electrochemical detection as described by us ([@bb0140]). Briefly, the tissue was homogenized in 150 μl ice-cold sodium-phosphate buffer (PBS + 5 μM neostigmine, pH 5.3) using an ultrasonic device (Branson sonifier 250, Danburry) and centrifuged at 16,000 × *g* at 4 °C for 5 min. The supernatant (100 μl) was rapidly injected onto the analytical column (BASI MF6150), connected to an "immobilized-enzyme-reactor" (IMER; BASI MF6151). This IMER hydrolyzes Ach and generates hydrogen peroxide, which can electrochemically detected via oxidation at a platinum electrode (+ 500 mV vs. Ag/AgCl~2~) of an electrochemical detector (Antel Leiden Decade II). The mobile phase consisted of 50 mM sodium phosphate, 0.01% sodium azide, pH 8.5. The amount of Ach in the homogenates was quantified using calibration curves of external Ach standards (Sigma, St. Louis).

Immunohistochemistry {#s0080}
--------------------

Immunohistochemistry was performed as described previously ([@bb0465]). All incubations were performed at 4 °C for 2 days including 0.1% Triton, such that the antibodies can penetrate into the brain sections. Slices were washed with 0.1% Triton/PBS at room temperature for 30 min and pretreated for 20 min with 20% methanol/1% H~2~O~2~/PBS (only for 3,3´-diaminobenzidine labeling). After thorough rinsing, the sections were blocked with 20% horse serum/0.2% bovine serum albumine/PBS and then incubated for 2 days at 4 °C with primary antibodies. Antibodies used were as follows: goat anti-choline acetyltransferase (Millipore; 1:750); mouse anti-rat beta-amyloid(17--42) (Millipore; 1:100); mouse anti-CD11b (Millipore; 1:500); and mouse anti-RECA-1 (Serotec; 1:100). The sections were again washed with PBS and incubated with secondary biotinylated anti-goat, or anti-mouse (1:200; Vector Lab., Szabo, Vienna, Austria) for 1 h at room temperature. After being washed, sections were incubated in an avidin--biotin complex solution (ABC-Elite Vectastain reagent; Vector Lab., USA) for 1 h, washed in 50 mM Tris-buffered saline (TBS), and then the signal was detected using 0.5 mg/ml 3,3´-diaminobenzidine including 0.003% H~2~O~2~ as a substrate in TBS. The sections were mounted on glass slides, air-dried and coverslipped with Entellan (Merck, Darmstadt, Germany). Unspecific labeling was defined by omitting the primary antibody. When fluorescence immunohistochemistry was performed, the methanol pretreatment was omitted and as a secondary antibody Alexa-488 (Invitrogen, Austria; 1:400) was used. Immunolabeling was visualized with a Leica DMIRB fluorescence inverse microscope equipped with an Apple computer and Improvison DarkLab software.

Evaluation of BBB disruption {#s0085}
----------------------------

Breakdown of the BBB permeability was analyzed using immunohistochemistry for rat IgG ([@bb0390]). Briefly, sections were incubated for 2 h in biotinylated rabbit anti-rat IgG (Vector, 1:400). After being washed, sections were incubated in an avidin-biotin complex solution (ABC-Elite Vectastain reagent; Vector Lab., USA) for 1 h. Visualization of IgG-immunoreactivity was identical to that described above for immunohistochemistry.

ELISA for NGF {#s0090}
-------------

NGF analysis was performed by using a commercial ELISA (Promega) as described previously ([@bb0525]). Briefly, ELISA plates (96 wells) were coated with an anti-NGF monoclonal antibody diluted in carbonate coating buffer (pH 9.7) and incubated overnight at 4 °C. Plates were blocked for 1 h at room temperature with 1x blocking buffer (200 μl/well), then NGF standards (0--100 pg/well) or diluted homogenates (100 μl) were added and incubated at room temperature for 6 h on a shaker. After washing, the plates were incubated with monoclonal rat anti-NGF overnight at 4 °C, again washed and then horseradish peroxidase-conjugated anti-rat antibody (1:4,000) was added to the plates and incubated at room temperature for 2 h on a shaker. Plates were again washed and the enzyme substrate (TMB One solution, Promega) was added and incubated for 15 min at room temperature. The enzyme reaction was stopped by adding 1N HCl and the absorbance was measured at 450 nm in a microplate reader. Sample values were calculated from the standard curve in a linear range.

ELISA for rat beta-amyloid, tau and phospho-tau 181 {#s0095}
---------------------------------------------------

Rat beta-amyloid(1--42) levels were measured using a commercial high sensitive ELISA Kit (WAKO, Neuss, Germany). ELISAs for tau and phospho-tau 181 (Innogenetics; NV, Gent, Belgium) were performed as described by us ([@bb0050]). Briefly, standards or extracts (100 μl) were added and incubated at 4 °C overnight. After washing, the plates were incubated with 100 μl HRP-conjugate at 4 °C for 1 h. Plates were again washed and the enzyme substrate (TMB-solution) was added and incubated for 30 min in the dark. The enzyme reaction was stopped and the absorbance was measured at 450 nm in a microplate reader. Sample values were calculated from the standard curve in a linear range.

Measurement of inflammation markers {#s0100}
-----------------------------------

Inflammation markers were analyzed using a Multiplex rat 6-plex ELISA (SearchLight®, Aushon Biosystems) as described by us recently ([@bb0260]). Standards or extracts (50 μl) were added to the pre-spotted plates and incubated for 3 h at room temperature on a shaker. After washing, the plates were incubated with 50 μl of biotinylated antibody at room temperature for 30 min. Plates were again washed and 50 μl of streptavidin-HRP reagent was added to each well and incubated for 30 min. After the final washing step, 50 μl of SuperSignal® chemiluminescent substrate was added and the luminescent signal was detected with a cooled CCD camera equipped with the SearchLight® CCD imaging and analysis system. Sample values were calculated from the standard curve in a linear range.

Western Blot analysis {#s0105}
---------------------

Western Blots were performed as described by us ([@bb0065; @bb0255]). Briefly, samples were heated at 70 °C for 10 min and then loaded onto 10% Bis-Tris polyacrylamide gels (NuPage, Invitrogen) and electrophoresed for 35 min at 200 V. Samples were electrotransferred to nylon-PVDF Immobilon-PSQ membranes (Millipore) for 90 min at 30 V with a 20% methanol blotting buffer (Invitrogen). For detection, the Western Breeze Chemiluminescent System (Invitrogen) was used. Briefly, blots were blocked for 30 min with blocking buffer, then incubated for 90 min with the primary mouse anti-amyloid precursor protein A4 antibody (Chemicon; 1:2000), mouse anti-rat beta-amyloid(17--24) antibody (Chemicon; 1:1000) or rabbit anti-actin antibody (Sigma-Aldrich; 1:1000), washed and incubated with alkaline phosphatase-conjugated anti-mouse or anti-rabbit antibodies for 30 min at room temperature. After being washed, blots were incubated in CDP-Star chemiluminescent substrate solution (Invitrogen) and the signal was visualized with a cooled CCD camera (SearchLight^®^, Thermoscience).

Quantitative analysis and statistics {#s0110}
------------------------------------

Behavioral testing was statistically analyzed within each group by using one-way ANOVA with repeated measures and between control and cholesterol-fed animals by using student *T*-test. The number of ChAT-positive neurons was counted in the basal nucleus of Meynert (nBM) between Bregma −0.8 mm and −3.2 mm in control and hypercholesterolemic rats visualized under a 20× objective according to the rat brain atlas ([@bb0315]). Rat anti-IgG and CD11b-positive spots were counted in the cortex in 6 fields per section and with 4 sections per brain under a 20× objective in control and cholesterol-fed rats. The capillary network was assessed according to [@bb0300] by counting the number of crossings of capillaries, which cross the lines of a grid (150 μm × 150 μm per single square). Sections were photographed under the microscope and digitized pictures overlaid in NIH ImageJ software with a grid. A quantitative analysis of Western Blot was performed by densitometry. Optical density of bands were measured using NIH ImageJ software. Obtained values were corrected according to background and band size and compared to actin values (internal control). Quantitative data are presented as mean values ± S.E.M. The significance of differences between the control and cholesterol-fed group was assessed by using one way ANOVA, followed by Fisher PLSD posthoc test by comparing controls against cholesterol treatment, where *p* \< 0.05 represents statistical significance.
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![Hypercholesterolemia increases plasma cholesterol levels and decreases spatial memory. Sprague Dawley rats were treated with control or high cholesterol diet for 5 months. (A) Measurement of plasma cholesterol levels by HPLC and UV detection demonstrated increased plasma cholesterol concentrations in cholesterol-treated animals (Chol) compared to controls. (B) After 2 months cholesterol-fed rats (■) exhibited significantly enhanced gain in weight compared to controls (●). (C) Cholesterol-treated animals showed no differences in (1) the time needed to find all 4 baits (filled bar), (2) the number of total visits (open bar) and (3) the length of time in the visited arm (hatched bar). (D) Hypercholesterolemic rats (■) showed an impaired ability of spatial learning and storage of long-term memory compared to controls (●). Statistical analysis for plasma cholesterol and absolute weight gain was performed by one way ANOVA with a Fisher LSD posthoc test. Behavioral testings were statistically analyzed within each group by using one-way ANOVA with repeated measures and between control and cholesterol-fed animals by using student *T*-test. \*\*\* *p* \< 0.001; \*\* *p* \< 0.01; \* *p* \< 0.05; ns, not significant.](gr1){#f0005}

![Hypercholesterolemia impairs the cholinergic activity in the brain. (A) The number of choline acetyltransferase (ChAT) positive neurons in the basal nucleus of Meynert was counted between Bregma −0.8 mm and −3.1 mm (B) and revealed a decreased number of ChAT-positive neurons in cholesterol-fed rats (■) (D) compared to control animals (●) (C). Hypercholesterolemic rats (E) exhibited a decreased number of ChAT-positive neurons in the nBM (hatched bar), compared to controls (filled bar). (F) The level of cortical acetylcholine was diminished in cholesterol-fed rats (hatched bar), compared to controls (filled bar). Statistical analysis was performed by one way ANOVA with a Fisher LSD posthoc test. \*\*\* *p* \< 0.001; \*\* *p* \< 0.01; ns, not significant. Scale bar in A = 2300 μm (A), 500 μm (C, D).](gr2){#f0010}

![Hypercholesterolemia affects APP and beta-amyloid in rats. (A) Western Blot analysis was performed for amyloid precursor protein (APP) and beta-amyloid (Aβ) in controls (−) and cholesterol-fed (Chol) animals. (A) Standards (Std) for APP (100 ng) and beta-amyloid (100 ng) were clearly visualized at \~ 90 kDa (APP) or \~4kDa (Aβ). (A) Cortical APP was detected in controls and rats fed with high cholesterol diet, while beta-amyloid was not detectable. (B) Densitometric analysis (corrected for total actin levels) exhibited an enhanced concentration of APP protein in cholesterol-treated animals (hatched bar) compared to controls (filled bar). Immunohistochemical detection of beta-amyloid-like immunoreactivity in the cortex was visualized by fluorescence microscopy (C, D, Alexa-488, green; counterstained against nuclear DAPI, blue). Hypercholesterolemic rats (D) exhibited an enhanced beta-amyloid-positive staining compared to control animals (C). Statistical analysis was performed by one way ANOVA with a Fisher PLSD posthoc test. Values are given as mean ± S.E.M. optical units. \* *p* \< 0.05. Scale bar in D = 230 μm (C, D).](gr3){#f0015}

![Immunohistochemical staining in the cortex for microglial CD11b and anti-rat IgG of controls and cholesterol-fed rats. Controls (A) and hypercholesterolemic (B) animals were immunohistochemically stained for the microglial marker CD11b. (C) Quantitative analysis revealed an increased number of CD11b-positive spots in the cortex of cholesterol-fed rats. Microbleedings in cortex of control (D) and cholesterol-fed animals (E, F) were immunohistochemically visualized by anti-rat IgG staining. A magnification of an anti-rat IgG-positive spot is shown in F. (G) The number of anti-rat IgG-positive spots in the cortex was significantly enhanced in cholesterol-treated animals (hatched bar) compared to controls (filled bar). Statistical analysis was performed by one way ANOVA with a Fisher LSD posthoc test. \*\**p* \< 0.01; \* *p* \< 0.05; ns, not significant. Scale bar in A = 200 μm (A , B); 800 μm (D, E); 360 μm (F).](gr4){#f0020}

###### 

Effects of hypercholesterolemia on cortical NGF, beta-amyloid(1--42), tau and phospho-tau 181.

  \[pg/mg tissue\]       Control      Cholesterol   *p*
  ---------------------- ------------ ------------- ------
  Nerve growth factor    146 ± 30     259 ± 61      ns
  Beta-amyloid (1--42)   84 ± 14      134 ± 7       \*\*
  Tau                    2492 ± 455   5755 ± 953    \*\*
  Phospho-Tau 181        24 ± 6       51 ± 7        \*

Sprague Dawley rats were administered to control and cholesterol-enriched diet for 5 months. Brains were removed, the cortices extracted and the levels of nerve growth factor (NGF), beta-amyloid(1--42), tau and phospho-tau 181 were measured by ELISA assays. Values are given as mean ± S.E.M. in \[pg/mg tissue\]. Statistical analysis was performed by one way ANOVA with a Fisher LSD posthoc test. \*\* *p* \< 0.01; \* *p* \< 0.05; ns, not significant.

###### 

Hypercholesterolemia enhances several cortical inflammation markers.

  \[pg/mg tissue\]   Control     Cholesterol   *p*
  ------------------ ----------- ------------- --------
  GM-CSF             146 ± 53    538 ± 89      \*
  IL-1α              37 ± 13     153 ± 61      \*
  IL-6               194 ± 56    802 ± 205     \*
  IL-10              7.6 ± 2.3   36 ± 6        \*
  MCP-1              15 ± 4.2    77 ± 15       \*\*\*
  MIP-1α             9.4 ± 2.3   18 ± 4        \*
  MIP-2              1.8 ± 0.5   8.3 ± 1.7     \*\*
  MIP-3α             51 ± 11     140 ± 22      \*\*
  MMP-2              264 ± 88    1134 ± 159    \*\*\*
  PDGF-BB            104 ± 23    298 ± 64      \*\*
  TNFα               35 ± 11     100 ± 18      \*
  RANTES             27 ± 6      35 ± 6        ns

Sprague Dawley rats were administered to control and cholesterol-enriched diet for 5 months. Brains were removed and cortical extracts were analyzed by Multiplex SearchLight^®^ ELISA for granulocyte macrophage colony-stimulatory factor (GM-CSF), various interleukins (IL-1α, IL-6, IL-10), monocyte chemotactic protein-1 (MCP-1), different macrophage inflammatory proteins (MIP-1α, MIP-2, MIP-3α), matrix metalloproteinase-2 (MMP-2), platelet-derived growth factor subunit B (PDGF-BB), tumor necrosis factor-alpha (TNFα), and RANTES. Values are given as mean ± S.E.M. in \[pg/mg tissue\]. Statistical analysis was performed by one way ANOVA with a Fisher LSD posthoc test. \*\*\* *p* \< 0.001; \*\* *p* \< 0.01; \* *p* \< 0.05; ns, not significant.
